Abstract. Phantom-based initial performance assessment of a prototype three-dimensional (3-D) x-ray system and comparison of 3-D tomography with computed tomography (CT) were proposed. A 3-D image quality phantom was scanned with a prototype version of 3-D cone-beam CT imaging implemented on a twin robotic x-ray system using three trajectories (163 deg = table, 188 deg = upright, and 200 deg = side), six tube voltages (60, 70, 81, 90, 100, and 121 kV), and four detector doses (0.348, 0.696, 1.740, and 3.480 μGy∕projection). CT was obtained with a clinical protocol. Spatial resolution (line pairs/cm) and soft-tissue-contrast resolution were assessed by two independent readers. Radiation dose was assessed. Descriptive and analysis of variance (ANOVA) (P < 0.05) were performed. With 3-D tomography, a maximum of 16 lp/cm was visible and best soft-tissue-contrast resolution was 2 mm at 30 Hounsfield units (HU) for 160 projections. With CT, 10 lp/cm was visible and soft-tissue-contrast resolution was 4 mm at 20 HU. The upright trajectory yielded significantly better spatial resolution and soft tissue contrast, and the side trajectory yielded significantly higher soft tissue contrast than the table trajectory (P < 0.05). Radiation dose was higher in 3-D tomography (45 to 704 mGycm) than CT (44 mGycm). Three-dimensional tomography renders overall equal or higher spatial resolution and comparable soft tissue contrast to CT for medium-and high-dose protocols in the side and upright trajectories, but with higher radiation doses.
Initial evaluation of image performance of a 3-D x-ray system: phantom-based comparison of 3 
Introduction
In the past few years, several diagnostic scanners have been presented that enable a combined conventional x-ray and tomographic imaging, commonly restricted to the breast. 1, 2 Recently, cone-beam computed tomography (CT) and tomosynthesis were introduced for further clinical applications. [3] [4] [5] Here, we report the initial findings on imaging performance of a prototype version of three-dimensional (3-D) cone-beam CT imaging implemented on a twin robotic x-ray system (Multitom Rax, Siemens Healthcare GmbH, Erlangen, Germany). It is a multifunctional unit that is able to perform conventional x-rays and fluoroscopic examinations from different angles due to a specialized robotic mechanism. Furthermore, it is capable of acquiring tomographic images in cone-beam CT scanning mode. This is enabled by two telescopic arms to which the tube and detector are attached with a hinge. Therefore, the arms can move independently of each other [ Fig. 1(a) ]. For acquisition of 3-D tomography, the detector and tube move along a trajectory reminiscent of a semicircle. Three defined trajectories exist: a table trajectory with the subject lying on a table [ Fig. 1(b) ], a side trajectory moving along the side and parallel to the table [ Fig. 1(c) ], and an upright trajectory that is independent of the table [ Fig. 1(d) ]. The unit is suited for musculoskeletal and craniofacial imaging and has the potential benefit of acquiring x-rays and CT within one unit. The table trajectory allows scans of the head, spine, knee, and foot, and the side trajectory allows scanning of the wrist and hand. The upright trajectory allows imaging of any peripheral and central joint in a physiological upright and weight-bearing condition while standing on a dedicated patient support [ Fig. 1(d) ]. With this, the physiological alignment of the lower extremity joints and the spine can be imaged, and 3-D reconstruction allows a precise evaluation of the articulation, e.g., in patients with foot deformities or instabilities or in patients with lumbar spine instabilities or stenosis not visible on nonweight-bearing images. Up to now, commercially available cone-beam CTs and extremity CTs only permitted imaging of peripheral joints. Also, this 3-D tomography could facilitate evaluation of fractures in an emergency setting and detection of fractures that are occult on x-ray without having to perform a CT. The aim of this study was to systematically evaluate the feasibility of dose protocols and assess image performance and to compare the radiation exposure of the 3-D tomography of this x-ray system in a clinical setting to conventional CT by assessing the dose-length product (DLP).
attached, acquire fluoroscopic images while moving along the trajectories. This acquired raw data set is processed and reconstructed into 3-D images comparable to CT images. The trajectory is defined by its position and the angle it passes. Tube voltage and detector dose (DD) can be varied to facilitate different dose protocols. DD is defined as the air kerma measured at the entrance plain of the image receptor.
6,7 This 3-D x-ray system uses an automatic dose regulation system aiming to keep the DD constant. The target value for the DD can be set in the acquisition parameter settings. The higher the chosen value, the higher the entrance dose.
The x-ray tube (OPTITOP, Siemens Healthcare GmbH, Erlangen, Germany) has a nominal 0.6-mm focal spot. The generator provides tube voltages between 40 and 150 kV and tube currents ranging from 0.5 to 800 mAs. The detector (Trixell, Moirans, France) is an amorphous silicon flat detector with a cesium iodide scintillator of 42.6 × 42.6 cm. It has an image matrix of 1420 × 1436 pixels with a pixel size of 298 μm (both after 2 × 2 binning). The maximum frame rate for acquiring projection images is 8 frames per second. The table trajectory has a variable source-to-image distance (SID) between 108 and 129 cm leading to an ellipsoid movement. One hundred and sixty projections are acquired leading to a scan time of 20 s. For the table position, two scanning angles are available: 183 deg at the level of the head and 163 deg at the level of the body. Both scanning positions use 160 projections. We chose the table position with lower angle coverage to minimize duplication of results; the table position with lower angle coverage was selected because scans at the position of the head would have a similar angular range as the upright trajectory. The side trajectory has a scanning angle of 200 deg and a constant SID of 120 cm leading to a circular movement. Scan duration is 24 s at 192 projections. The upright trajectory is also circular with a constant SID of 115 cm and defined by a scanning angle of 188 deg and 160 projections during an acquisition time of 20 s.
Imaging Protocols and Phantom
Geometric calibration was performed. For all images, a universal antiscatter grid (Pb 13/92 with aluminum interspacing) was used, and the maximum reconstruction field of view diameter was 23 cm. Acquisition parameters were varied (Table 1) with DD ranging within the capacity of the tube in four steps with the lowest possible dose being 0.348 μGy per projection (μGy∕p) and 3.48 μGy∕p being the highest possible dose. A sensor in the detector measures the incident radiation, and an automatic exposure control adjusts the tube current-time product in the fluoroscopic imaging mode after every image to hold the DD at the predefined level. 8 For every dose level, the tube voltage was varied ranging from 60 to 121 kV. The tube voltage progresses as discrete values, leading to values of 81 and 121 kV instead of 80 and 120 kV, respectively. There is one bigger step between 100 and 121 kV where 109 kV is missing. We found in preliminary tests that the prototype unit was not capable of generating this tube voltage. Also a copper filter (Cu-filter) of 0.2 mm was used at 121 kV for every dose step to evaluate the influence on the soft tissue contrast. The protocol was performed for all three previously defined trajectories.
Images were also acquired using a conventional CT (Somatom Definition Flash, Siemens Healthcare GmbH, Erlangen, Germany) in single energy mode and a clinical protocol with a field of view of 23 cm, a reference tube-current time product of 332 mAs, and an effective tube-current time product of 56 mAs with automatic exposure control. Tube voltage was 100 kV by applying automatic tube current modulation (CARE Dose 4D); the detector configuration was as follows: 128 × 0.6 mm resolution and a pitch factor of 0.8. In addition to the device-specific filter, no additional filters were used. A Sinogramm Affirmed Iterative Reconstruction (SAFIRE, Siemens Healthcare GmbH, Erlangen, Germany) was used for image reconstruction.
Images of a 3-D image quality phantom (ConeBeam Phantom, QRM, Moehrendorf, Germany) were acquired using the protocols and trajectory settings as described above. The phantom is 140 mm high, has a diameter of 160 mm, and consists of several different segments ( . Raw data were reconstructed on a syngo X Workplace (Siemens Healthcare GmbH, Erlangen, Germany) with a dedicated software provided by the producer using both a sharp and soft reconstruction algorithm. For the 3-D tomography images, slice thickness was 0.5 mm being the thinnest possible and 0.75 mm for the CT images, according to the clinical protocol.
Image Evaluation
All data were randomized together with rStudios (rStudios, Boston, Massachusetts) and blinded to the protocol as well as evaluated using OsiriX (Pixmeo, Geneva, Switzerland). Two independent board-certified radiologists with 6 and 12 years of experience evaluated qualitative parameters in two segments [Figs. 2(b) and 2(c)] of the image quality phantom. Spatial resolution was assessed semiquantitatively by visual distinction of line pairs per cm (lp/cm) from images with a slice thickness of 5 mm in a sharp reconstruction algorithm.
Soft tissue contrast was evaluated for the segment with a medium variation of HU. Detection of the smallest visible sphere diameter and respective contrast value was assessed using images with 10-mm slice thickness reconstructed with a soft reconstruction algorithm.
Radiation Dose Analysis
To get a dose indicator for 3-D tomography, comparable to the computed tomography dose index of volume (CTDI vol ) used for CT, dose measurements were performed using the standard CTDI head phantom (diameter: 16 cm and length: 15 cm) and a 10-cm-long pencil ion chamber (PTW-Freiburg, Freiburg im Breisgau, Germany). The phantom type is exactly the same Table Side Very low dose (0.348 μGy∕p)
Note: nf = not feasible and Cu-filter = copper filter.
Journal of Medical Imaging 015502-3 Jan-Mar 2018 • Vol. 5 (1) as usually applied for measuring CTDI for CT scanners. The measurements were performed at the center and four different positions in the periphery. The CTDI vol was calculated following the IEC 60601-2-44 A1 standard method. 7 These results were divided by the length of the ion chamber. Due to the fact that the field of view of 23 cm is substantially larger than the 10-cm chamber length, these calculations represent an average dose over the central part of the field of view. The dose profile is assumed to be flat due to the large field length, and therefore, this approximation is appropriate. To account for the dose associated with scatter of x-ray beyond the 15-cm phantom length, two additional cylinders were placed at the lower and upper ends of the phantom (Fig. 3) . To be comparable with the CT, where the CTDI vol for an examination of the lower spine is based on the body phantom, the CTDI vol was recalculated for a 32-cm-diameter phantom for the trunk by multiplying by a factor of 0.48. 9 For both, cone-beam CT and CT, the DLP then was calculated as follows:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; s e c 2 . 4 ; 3 2 6 ; 5 2 2 DLP ¼ CTDI vol · 23 cm:
Statistics
Qualitative parameters were normally distributed, and therefore, parametric statistics was used. To evaluate the interreader reliability, the average intraclass correlation coefficients (ICC) were used. According to Rosner, 9 the interreader reliability by means of ICC is classified as follows: >0.75 ¼ excellent, 0.4 to 0.75 ¼ fair to good, and <0.4 ¼ poor. For evaluation of soft tissue contrast resolution, the values were primarily categorized according to the size of visual perception and secondarily to the HU. For further evaluation, the mean value was computed and rounded off. To compare the values of different positions, with and without the use of a Cu-filter, repeated measures of analysis of variance (ANOVA) were calculated with a post hoc analysis using Bonferroni correction. The scores without corresponding protocol for assessment of performance of the Cu-filter (very low-and high-dose protocols) were excluded and only used for interrater correlation. A P-value <0.05 was considered statistically significant. For all analyses, SPSS software (release 13.0 and 22.0; SPSS, Chicago, Illinois) was used.
Results
Images could be acquired for all dose levels and almost every tube voltage (Table 1) (table) and a maximum of 16 lp/cm (side and upright) were visible as compared to 10 lp/ cm in CT (Fig. 4) . Three-dimensional tomography showed higher spatial resolution than CT in all protocols except for 90 kV at 0.348 μGy∕p in the table trajectory. Overall, spatial resolution was higher in the upright trajectory as compared to the side and table (Table 2 ). The upright trajectory yielded significantly lower radiation doses than the side (P < 0.001) and table (P ¼ 0.018) trajectories (Table 2) .
For the soft tissue contrast overall, the rated values of the smallest visible sphere size per protocol varied between 2 and 16 mm at 25 HU (Fig. 5) . Soft tissue contrast was significantly reduced for the table trajectory (P < 0.001) as compared to the upright and side trajectories (Fig. 5) . With increasing dose, the soft tissue contrast improved independent of the trajectory (Fig. 6) . Soft tissue contrast was comparable or better in the side and upright trajectories than CT for all dose protocols at 1.74 μGy∕p, except for 70 and 81 kV in the upright trajectory and 81 kV in the side trajectory, and all technically possible kV levels (70 to 120 kV) at 3.48 μGy∕p (Fig. 5) . Neither spatial resolution (P ¼ 1.000) nor soft tissue contrast (P ¼ 0.208) was influenced significantly by the Cu-filter (Table 3) .
Radiation Dose
For all three trajectories, DLP increased as DD increased. The upright trajectory had the lowest and the side trajectory the highest mean DLP (Tables 2 and 6 ). This difference was only Table 2 Comparison of spatial resolution, soft tissue contrast, and radiation dose for all protocols in each trajectory using 3-D tomography. significant for the upright trajectory compared to the table and the side trajectory. All dose protocols of 3-D tomography without the use of a Cu-filter yielded a higher DLP than CT (Table 4) . By using the Cu-filter, a significant decrease in dose by 28% (P < 0.001) was achieved, but it still remained higher than the dose in CT, except for the very low-dose protocol using the side trajectory with 0.348 μGy∕p and 121 kV (Tables 5 and 6 ).
Discussion
We performed this study to assess the image performance and radiation dose of the 3-D tomography mode of this prototype 3-D cone-beam CT of the twin robotic x-ray system and compared it to conventional CT. We found that 3-D tomography is feasible for almost all evaluated combinations of DD and tube voltage parameters. Using a phantom, protocols with a low kV and high DD yielded the best image quality. This correlates to another study that evaluated image performance of a cone-beam system. 10 With the upright and side trajectories, 3-D tomography yielded comparable to better image quality than conventional CT. Within the possible protocol variations, the unit was not able to perform imaging for protocols with very high DD combined with very low tube voltage and vice versa. Further investigations showed that the patient thickness estimation and tube load calculation went sporadically wrong. Presumably, this will not influence clinical application as image quality at 60 kV and 0.348 μGy∕p was unsatisfactory. Image acquisition with 121 kV in the very low-and high-dose protocols was not possible using the side trajectory. This may be related to the fact that additional power is required in the side trajectory due to the higher number of projections. However, the unit was capable of acquiring images with the use of a 0.2-mm Cu-filter at 121 kV and a very low dose. Our main finding was an equal to higher spatial resolution in 3-D tomography compared to CT, independent of dose protocols. This finding is in line with several previous reports showing similar results for cone-beam and flatpanel CT. [10] [11] [12] Our findings support that 3-D tomography may be used mainly in musculoskeletal imaging that relies on depiction of small and fine bone structures. Interestingly, spatial resolution was better in the upright trajectory than the side trajectory. The side trajectory obtains more projections over a larger angular range, and therefore, we expected image quality to be better. Further investigations on reproducibility of the geometry calibration showed that the force compensation for the side trajectory needs to be carefully adjusted. Otherwise nonreproducible movements (vibrations) will occur. These could lead to a loss in spatial resolution, which explains why the 14 lp/cm was rated poorer, compared to the 16 lp/cm sector [ Fig. 4(c) ].
Several studies have investigated that in cone-beam systems soft tissue contrast is reduced.
10,11,13,14 X-ray scatter in conebeam technique is increased due to the scanning geometry and the larger volume being irradiated. Special filters are required to achieve comparable soft tissue contrast as compared to CT. 15 In this study, a hardware scatter rejection method, a so-called antiscatter grid, was used. Further investigations on scatter showed possible scatter reduction using improved reconstruction kernel parameters. Especially, noise-related smoothing of the projection images could improve image impression, especially for low-dose protocols and the table trajectory as almost all medium-and high-dose protocols in the side and upright trajectories of the 3-D tomography unit yielded Note: Data are DLPs in mGycm. nf, not feasible; "−" indicates no Cu-filter was used, and "+" indicates a Cu-filter was used. comparable soft tissue contrast to the investigated CT protocol. Except in the medium-dose protocols using 70 and 81 kV in the upright trajectory and 81 kV in the side trajectory, soft tissue contrast was reduced. This finding is either a statistical outlier or could be caused by a problem in the technical performance of the generator using these specific parameters, as we also found in preliminary tests that the tube was not able to generate a tube voltage of 109 kV. For CT, it has been shown that filters such as aluminum or bowtie filters significantly improve image quality and reduce patient dose. 16, 17 Our study showed that neither spatial resolution nor soft tissue contrast was significantly influenced by the Cu-filter. Therefore, Cu-filters can be used in a clinical setting to reduce radiation dose without a significant loss of image quality.
The side trajectory yielded the highest DLP due to more projections than the table and upright trajectories with 192 and 160 projections, respectively. It is unclear why the upright trajectory yielded substantially lower DLPs than the table trajectory. We speculate that the material of the standing patient support is less radiopaque than the material of the table and the arm support on which the phantom was positioned. Radiation dose in 3-D tomography was found to be higher than in CT, especially for the medium-and very high-dose protocols. Using a Cu-filter, the tube required higher tube voltages, but radiation was reduced up to 28% but remained significantly higher than in CT. We believe that the automatic dose regulation in CT accounts for the difference in radiation dose between these two imaging modalities. With 23 cm, the field of view in CT was chosen to measure a similar size as the given field of view in 3-D tomography. Therefore, the automatic dose regulation adjusted the dose for the regions above and below the 14-cm-high phantom, where only air was scanned. The x-ray system was only able to scan with a constant voltage over the whole length. Furthermore, several articles showed mixed results concerning patient doses of cone-beam CT in comparison to multislice CT. Some exhibit significantly lower patient doses than conventional CT. 10, 18, 19 This might be a result of optimization of CT protocols in the last few years as one study found that dependent on the model, radiation in multislice CT could be reduced after protocol optimization below radiation dose in cone-beam CT. 20 Another study found that cone-beam CT yielded significantly higher effective doses than CT but it could be reduced to equal and lower than CT after optimization. 21 The scan time varies between 20 and 24 s. This is likely to influence image quality in clinical application, especially for imaging close to the trunk, where breathing and heart movement will cause movement artifacts. Particularly, imaging in the upright position in elderly and patients with pain will be prone to movement artifacts.
A limitation of this study is that the x-ray unit is a prototype in the process of development and optimization, and our findings are initial results. Improvements in image reconstruction algorithms and filters can increase image quality and further reduce patient doses below the doses of CT. This needs to be analyzed and verified in future studies. Furthermore, the beam width of the x-ray unit of 23 cm exceeds the length of the ion chamber of 10 cm. Therefore, the measured CTDI vol as well as DLP can only be taken as approximate values to describe the cone-beam dose indicators, as they have a systematic deviation of about þ15% compared to the standard CTDI vol due to the fact that only the central part of the dose profile is covered by the chamber length. 22 Therefore, CTDI measurements underlie a systematic error as the field length of the x-ray unit in our study was longer than the recommended 4 cm. 23 A further limitation is that the assessment of image quality in a simple cylindrical phantom is very basic, and furthermore, more elaborate assessments need to verify these findings. Additionally, the pronounced difference in the rating of the two readers for spatial resolution with only fair to good ICC values is limiting. In some sectors, the metal lines were only partially distinguishable from each other as for some sectors the borders were blurred, likely responsible for the differences in the rating. This probably also influenced comparison of image quality for evaluation of the Cu-filter as the number of pairs was small in this subgroup. We also did not assess soft tissue contrast using other criteria, i.e., stratifying by the density first and then by size. Neither did we obtain different CT protocols, as our primary goal was to compare the image quality of 3-D tomography with a CT protocol used in clinical practice. The difference in reconstructed slice thickness is a further limitation, but we believe that this did not have a relevant influence on image quality because axial slices have been displayed on the reading work station with a slice thickness of 5 or 10 mm.
To conclude, the feasibility of 3-D tomography is demonstrated with this cone-beam image quality phantom and yields equal or higher spatial resolution for all protocols and trajectories than conventional CT. In this phantom, soft tissue contrast is comparable to conventional CT for medium-and high-dose protocols for the side and upright trajectories. Low kV and high DD are recommended for optimal image quality in a trade-off with increased radiation dose. Further investigations need to be performed to verify these findings after final development of the prototype as well as in patients.
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